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Abstract: This study aims to present a systematic data-driven bibliometric analysis of the water
hyacinth (Eichhornia crassipes) infestation problem around the globe. As many solutions are being pro-
posed in academia for its management, mitigation, and utilization, it requires investigation through
a systematic scrutinizing lens. In this study, literature records from 1977 to June 2020 concerning
research on water hyacinth are taken from Scopus for text analysis. Trends in the publication of
different article types, dynamics of publication, clustering, correlation, and co-authoring patterns be-
tween different countries are observed. The cluster analysis indicated four clusters viz. (i) ecological
works related to species, (ii) pollutant removal process and methods, (iii) utilization of biofuels for
biogas production, and (iv) modelling works. It is clear from the networking analysis that most of
the publications regarding water hyacinth are from India, followed by China and the United States.
Sentiment analysis with the AFINN lexicon showed that the negative sentiment towards the aquatic
weed has intensified over time. An exploratory analysis was performed using a bigram network plot,
depicting and outlining different important domains of water hyacinth research. Water hyacinth
research has passed the pioneering phase and is now at the end of a steady growth phase or at the
beginning of an acceleration phase. In this article, an overview is given for the entirety of water
hyacinth research, with an indication of future trends and possibilities.
Keywords: water hyacinth; cluster analysis; sentiment analysis; text-mining; network analysis
1. Introduction
Water hyacinth (Eichhornia sp.) is a floating aquatic macrophyte with large vascular
tissue. It is well adapted to various environmental conditions and has a fast growth rate. It
has high morphological elasticity as well as sexual and vegetative reproduction capabilities,
helping its widespread persistence [1]. Because of such adaptable characteristics, it is
highly invasive in nature, resulting in extensive damage to aquatic ecosystems.
This macrophyte, which is native to the Amazon River Basin, was introduced to the
United States in 1884 and later, gradually, to Asia, Africa, Australia, and to other parts of
the world. Currently, it is considered as a member of the world’s top 10 most invasive
weeds [1]. Because of its rapid infestation and persistent distribution, its management and
control has become an issue for many countries and regions, as well as a major challenge
for academia to tackle.
Extensive research work has been performed regarding the effects of water hyacinth
on the loss of water through evapotranspiration, navigation and fishing, and the blockage
of irrigation and drainage systems [2–4], as well as on the phytoremediation of heavy
metals and organic and inorganic pollutants via hyperaccumulation into the biomass [5].
Different measures for the eradication and management of the weed have been investigated,
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but, as it is extremely difficult to eradicate, most of the studies have focused on minimizing
economic costs and ecological damage [6]. On the other hand, many studies suggest that
controlling its damage will not suffice for successfully controlling the water hyacinth [7].
Its utilization and control ideally require economically sustainable and commercially viable
and profitable outputs from its management through the valorization of its different
components (cellulase, biopolymers etc.) or its conversion into energy (biogas, bioethanol,
etc.) [7,8]. There are a diverse range of approaches being reported in the literature on water
hyacinth worldwide, including different perspectives and approaches for its successful
management for a sustainable future [9].
In such a scenario, a bibliometric- and text mining-based overview of water hyacinth
research can provide a concise description and impression of the scientific activities associ-
ated with the eradication, sustainable utilization, and management of the weed. In this
study, a bibliometric and text mining-based approach is used for the analysis of the vast
amount of literature records available on water hyacinth in Scopus from 1977 up until June
2020, with special emphasis on the species Eichhornia crassipes. This study provides a gen-
eral bibliometric overview of literature regarding the aquatic weed and aims to understand
the mitigation strategies used or proposed for controlling and utilizing water hyacinth for
energy, valorization of materials, and bioremediation through the time-scape.
2. Materials and Methods
2.1. Bibliographic Data Acquisition
The data for text mining were collected from Scopus with the following search com-
mand:
TITLE-ABS-KEY (water AND hyacinth) AND (LIMIT-TO (EXACTKEYWORD, “Eich-
hornia Crassipes”) OR LIMIT-TO (EXACTKEYWORD, “Water Hyacinth”))
This search reflects the results from the Scopus database that contain “water” and
“hyacinth” in the title, abstract, or keywords, as well as keywords containing “Eichhornia
crassipes” or “water hyacinth”, found in all of the available articles, conference proceedings,
and books records. A total 2026 entries (from 1977–20 June 2020) were extracted from the
database for analysis.
2.2. Statistical Packages
The bibliometric analysis of the Scopus records was conducted using statistical pack-
age VOSviewer 1.6.15 [10]. The statistical analysis was also conducted using R 3.6.2, [11]
and statistical package “tidytext” [12]. For data visualization, package “ggplot2” [13] and
“ggraph” [14] were used.
2.3. Clustering and Word Correlation
For clustering and network visualization, the title and abstract field were taken while
omitting abstract labels and copyright statements. Binary counting method (only presence
or absence of the term matters), terms, or noun phrases occurring at least 20 times were
taken. Out of 463 terms, 278 (i.e., 60%) terms were visualized. For further validation and
exploration of the clusters, the phi-coefficient from the words occurring in each document,
by combining the title and abstract of the dataset and excluding the numbers and stop
words (words that are not useful for an analysis, such as “the”, “of”, and “to”), were
observed. Only prominent words (words that occurred more than 20 times) were used for
correlation purposes. As explained by Silge et al., [12], the phi-coefficient for correlation is a
measure of how likely it is that two words will appear simultaneously, or that they will not





here, n11 represents the number of documents where both words upon which the correlation
is being calculated are present, n00 represents where none of them are present, and n01 and
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n10 represent cases where one is present while the other is absent. The other values n1., n0.,
n.0, n.1 are the sum of n11 and n10, n01 and n00, n10 and n00, and n10 and n01, respectively.
2.4. Co-Authorship Links among Countries
Co-authorship relations between countries are also visualized using the full counting
method (each link having equal weighing), which produced at least five papers. By this
criterion, out of all 104 countries available in the dataset, 54 met the threshold. Among the
54, only the countries with collaborations with other countries were visualized.
2.5. Sentiment Analysis
For conducting the sentiment analysis, the abstract, title, author keywords, and index
keyword were taken, while all the numeric values and common stop words were excluded
from the text dataset, and the popular general-purpose lexicon “AFINN” [15] was used. It
is a collection of English terms rated manually with an integer between −5 (most negative)
and +5 (most positive) by Finn Årup Nielsen. The dataset was divided into two parts
based on their negative and positive sentiments and was processed separately. The trend in
sentiment (1977–2020) was analyzed for the study dataset based on the following Euqation
for each year.
TSS = ∑ ni × SSi ±∑ ni (2)
here, TSS is the total sentiment score in a single year, ni is the number of occurrence of ith
word, and SSi is the sentiment score of the word by AFINN lexicon. Based on the positive
and negative sentiment, the term ∑ ni of Equation (2), is subtracted or added to neutralize
the general trend in the increase of the total amount of literature (Figure 1).
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Figure 1. (a) Number of publications types, (b) number of publications types excluding the type
“article”, and (c) access types of publication possessing an association with water hyacinth from 1977
to June 2020.
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2.6. Bi-Gram Network and Trends of Selective Words
For visualizing the bigram and selective word trends, the abstract, title, author key-
words, and index keyword were taken, while all of the numeric values and common stop
words were excluded from the text dataset. For exploring the relationships between words,
the bigram, which tokenizes by pairs of adjacent words, was analyzed with a network plot.
In addition, to understand the trends in the different study patterns, the occurrences of
specific words like “biogas”, “phytoremediation”, etc., through time were observed. Before
plotting such words, British English spellings were converted to American spellings and
plural terms were converted to singular terms (fertiliser to fertilizer and fibre to fiber, and
metals to metal, fibers to fiber, and briquettes to briquette) for an accurate representation of
the word occurrences over time. Apart from spelling corrections, all of the words containing
possible “bio” at the beginning (bioethanol, biohydrogen, and bioslurry) are transformed to
their non-organic parts (ethanol, hydrogen, and slurry). After the conversion, the frequency
of specific word occurrences was calculated for each year bracket.
3. Results and Discussion
3.1. Temporal Trend
The research volume regarding water hyacinth is large, and it is still expanding. From
Figure 1a,c, it is observed that from 1977 to the late 1990s, the total amount of literature,
which was found by stacking up all of the different document types focused on water
hyacinth, increased slowly and then became static. In the next period up until 2019, a steady
growth in literature was observed, which clearly indicates academia’s growing interest in
water hyacinth research. The year 2020 showed less results, as the data were taken up until
June. Among the 10 types of documents (article, book, book chapter, conference paper,
editorial, erratum, letter, notice, short survey, and review) shown in Figure 1a, articles
remained the highest published document type (86% of all document types), followed by
conference papers (10%) and reviews (2.6%). All of the other documents, which consisted
of books, book chapters, erratum, editorials, notes, and short surveys, amounted to only
1.4% of all of the document types. This becomes more clear in Figure 1b, which is plotted
without incorporating the article document type. Figure 1b also depicts that book chapters
were regularly published from 2008 onwards. This could also be due to increased DOI
assignments to book chapters during that time, which led to increased numbers of such
records in the SCOPUS database. Figure 1c depicts that the published research is still
dominated by non-open access papers (85% of all access types), but from 2000 onwards,
open access papers gained rapid popularity. From Figure 1, in general, it can be clearly
observed that from around 2000, interest in water hyacinth grew along with other different
types of published documents and with the popularity of the open-access option. Apart
from these, the top 30 most frequently named authors, 20 top-cited works, and 10 most
occurring literature sources/journals with their publishing pattern over time were observed
and are shown in the supplementary sheet of Figures S1–S3, respectively.
3.2. Publication Dynamics
For modelling publication dynamics, the exponential model was fitted to the pub-
lication count with years (Figure 2). The model y = a × exp(b × x) was fitted, and the
corresponding statistical parameters are given in Table 1. From the table, it can be observed
that the p-value t-statistics for both coefficients are highly significant, and R2 is satisfactory.
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Figure 2. Publication dynamics showing pioneering, growth, and acceleration phases.




p-value t-test for a 0.00
p-value t-test for b 0.00
r-squared 0.85
As discussed by Gautam [16], the research publication periods were divided into
three periods, namely, the pioneering period, period of growth, and period of acceleration.
The pioneering period is characterized by a low annual volume of publications with no
distinct trend, followed by a period of growth that is characterized by a steady increase
of publications. The third phase is characterized by a sudden burst of true exponential
growth observed annually. This type of three-phase dynamic pattern is also observed in
the research of Bickel [17] and Ma et al. [18], operating on a similar timescale in comparison
with this study. Sonia et al. [19] showed that overall, the scientific production of the 12
most productive countries is also growing exponentially, even when some subject specific
overall declines are present [20]. This indicates that characteristically, the topic of water
hyacinth is following a similar exponential increase in publication outputs like that of the
overall scientific publications [19], from its inception until now.
In the case of water hyacinth, a research pioneering period (first 24 years of publi-
cation from the first publication in 1977) and period of growth (from 25–38 years) can
be recognized. Interestingly, from the 39th year onward, the hint of the beginning of
a period of acceleration is also observed, but it is still not fully realized. According to
such divisions, the dataset was divided into three periods (1977–2000, 2001–2014, and
2014–2020), and top 10 cited papers of each period were considered (Supplementary Tables
S1–S3) for understanding the salient features of each period. In the pioneering period, eight
studies were about the phytoremediation of pollutants with the help of water hyacinth,
out of which six were on the phytoextraction of heavy metals from water bodies (Table S1).
During the growth phase, studies seemed to diversify (Table S2) to the production of other
materials from water hyacinth, such as capacitor fabrication [21], cellulose, ethanol produc-
tion [22,23], and the production of compost [24]. Interestingly, in this period, the debate of
water hyacinth should be looked as a problem or an opportunity to be taken advantage
of took place in academia [6,7]. During the acceleration period (Table S3), further new ap-
proaches developed, like the production of biochar from water hyacinth and its use [25,26],
textile industry waste treatment [27–29], and bio-oil production [30]. Phytoremediation
techniques were carried over from the pioneering period to present time and the creation
of different value-added materials were carried over to the present time from the growth
period era. In general, it can be observed that the diversification of water hyacinth studies
and the quest for other sustainable and environmentally friendly materials, apart from
phytoremediation and energy production, are gaining popularity and will be the main
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driver of the acceleration period, where an explosive growth in research associated with
the weed is expected.
3.3. Clusters and Correlation
Four prominent clusters are observed in Figure 3a, with distinguished characters that
indicate different aspects of water hyacinth research. The first cluster (red) is centered
around water hyacinth’s species and biology, while the second cluster (green), third cluster
(blue), and fourth cluster (yellow) are centered around waste treatment, energy/material
production, and modelling aspects, respectively. From the figure, four major themes of
water hyacinth studies can be observed for the overall timeline. The topmost occurring
terms for the four respective clusters are given in Table 2. From this table, it is clear
that “production” is the highest occurring node with the highest links with other nodes,
followed by “removal”, “species”, and “model”. For further exploration and validation of
the observed themes, pairwise correlation with the help of the phi-coefficient was calculated
for the cluster words given in Table 2. The top 10 most correlated words with “species”,
“removal”, “production”, and “model” are plotted in Figure 3b.






Cluster  Word  Occurrences  Links  Link Strength 
Cluster 1 (red)  Species  276  255  2439 
Cluster 2 (green)  Removal  344  268  3353 
Cluster 3 (blue)  Production  358  270  3069 





Figure 3. (a) Clusters and (b) pairwise correlation of the main cluster terms.
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Table 2. The topmost occurring terms from the four respective clusters of Figure 3a.
Cluster Word Occurrences Links Link Strength
Cluster 1 (red) Species 276 255 2439
Cluster 2 (green) Removal 344 268 3353
Cluster 3 (blue) Production 358 270 3069
Cluster 4
(yellow)
Model 194 251 1654
The highest correlated word with “species” was observed to be “invasive”, followed
by other taxa like Pistia strotiates, Salvinia, which is also known to be invasive in nature [4].
The terms exotic, diversity, ecology, macrophyte, and abundance indicate the study areas
of aquatic biology and the distribution of the weed. Works are also being performed on the
effects of water hyacinth on phytoplankton, zooplankton, macro-invertebrate, fish, and
bird populations [6].
As for the second cluster, the term “removal”, which has the highest link strength, is
highly associated with the word “wastewater”. On the same note, “aqueous”, “removal”,
“phytoremediation”, and “efficiency” are among the top correlated terms with “removal”.
This clearly indicates that it focuses on wastewater treatment and phytoremediation by the
weed water hyacinth. Substantial work has been performed on the phytoremediation and
wastewater treatment capabilities of the weed [27,31–33].
In the third cluster, the term “production” is the highest occurring word, and has
the highest link strength among the top terms of the clusters being compared. The term
“production” is correlated with “biogas”, “digestion”, “methane”, and “yield”, as well as
being related to “fermentation”, “bioethanol”, and “hydrolysis”, which shows that energy
production plays a pivotal role in this area. A large volume of work is available in the area
of biogas production and water hyacinth. Water hyacinth is often used as a substrate in the
anaerobic digester for enhancing biogas production [34,35]. Water hyacinth is also utilized
in bioethanol production through fermentation and saccharification [36].
The term “model” occurred the least out of the other top terms of clusters, with the
lowest link and link strength. The correlation analysis showed that it is the term associated
with different model types like “kinetic” and “Langmuir”, and with words like “data”,
“fitted”, “mathematical”, etc. Different types of kinetic models are observed, such as kinetic
model for wastewater treatment [37], growth kinetics of water hyacinth [38], and kinetic
models for energy production from biogas [39].
3.4. Networks of Co-Authorship Countries
Figure 4 depicts the co-authorship relations among the countries conducting research
on water hyacinth. From the size of the nodes, i.e., the countries are proportional to the
numbers of publications, it is clear that most publications regarding water hyacinth are
from India, followed by China and the United States. It can also be observed that countries
like Indonesia, Saudi Arabia, Ethiopia, etc., are new to water hyacinth research, while USA,
UK, Japan, France, etc., have older water hyacinth research on an average. India and China
are in between these countries; however, India started research on water hyacinth earlier
than China. Israel and the Russian federation are not visualized in Figure 4 because they
have no collaborations with other countries.
Table 3 depicts the 10 topmost countries for the highest document production regard-
ing water hyacinth. India produced 1.7 times and almost 2 times more publications than
the USA and China, respectively, which are in the second and third positions according to
publication volume. Average citation per document is the highest for the United States,
followed by India and Egypt. According to links with different countries, India has the
highest amount of collaborations with other countries, followed by the United States and
China. It is observed that countries where water hyacinth is a serious problem tend to
produce more work on water hyacinth [40].






Countries  Documents  Link  Link Strength  Average Citation per Document 
India  492  27  57  19.59 
China  292  20  73  13.47 
United States  224  26  78  27.08 
Brazil  107  15  35  16.19 
Indonesia  95  7  95  3.51 
South Africa  84  18  35  13.37 
Egypt  75  16  27  17.19 
Thailand  74  11  19  11.05 
Nigeria  70  6  13  5.61 
Malaysia  56  18  33  17.41 
3.5. Sentiment Analysis 
The data containing abstract, title, author keywords, and index keywords were used 
for  the  sentiment analysis. The  frequency multiplied negative and positive  sentiments 
score for the top 30 most occurring words from the dataset were observed for understand‐
ing their relative viability and appropriate application strategy. Figure 5 depicts both pos‐
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Table 3. Top 10 countries by document volume.
Countries Documents Link Link Strength Average
Citation per
Document
India 492 27 57 19.59
China 292 20 73 13.47
United States 224 26 78 27.08
Brazil 107 15 35 16.19
Indonesia 95 7 95 3.51
South Africa 84 18 35 13.37
Egypt 75 16 27 17.19
Thailand 74 11 19 11.05
Nigeria 70 6 13 5.61
Malaysia 56 18 33 17.41
3.5. Sentiment Analysis
The data containing abstract, title, author keywords, and index keywords were used
for the sentiment analysis. The frequency multiplied negative and positive sentiments score
for the top 30 most occurring words from the dataset were observed for understanding
their relative viability and appropriate application strategy. Figure 5 depicts both positive
and negative sentiments. It can be observed that the negative sentiments clearly grasped
water hyacinth functions and researchers’ perception about the weed, while positive senti-
ments are not particularly about the plant, but its mitigation/management/control related
positive words. So, positive sentiments were discarded from analysis for understanding
the net general sentiment associated with water hyacinth by researchers, and emphasis
was given only to negative sentiments.






















Figure 5. Top 30 highest positive and negative scoring senti ent words in the dataset.
Figure 6 represents the increasing use of more intensive negative words to describe
water hyacinth. As the total number of publications increased through time (Figure 1),
it is also clear that the total number of words used to describe water hyacinth increased
through time as well. So, the inflating word count needed to be adjusted from the total
sentiment score to depict the intensity of changing negative emotions towards water
hyacinth. Equation (2) was used in this case to obtain the increasing word adjusted negative
lexicon scores. The value of 0 for the y-axis should depict the values being neutralized
by the number of words marked as negative present in the literature. A lesser score than
0 for the y-axis value indicates the application of more intensive negative word usage in
literature. So, according to AFINN lexicon score, it is clear that strongly negative words are
used for depicting water hyacinth, and this trend increased rapidly from around the year
2000.
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Figure 6. early trend in negative sentiment from AFINN lexicon sores.
3.6. Bigram Network and Specific Terms Trend Analysis
To visualize all of the relationships among the words, a network plot was constructed
using a bigram. The plot was constructed usi g words that co-occur ed more than 50 tim s.
The network plot (Figure 7) shows that the biggest two nodes that the lite ature is structured
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around are “water” followed by “hyacinth”. This outcome was expected because of
the search command used for searching the literature in Scopus, which was centered
around these two words. From the plot, it can be observed that apart from “water” and
“hyacinth”, the nodes were “waste”, “treatment”, “aquatic”, “plant”, “production”, and
“removal”. It can be observed that this network plot also produced similar results to the
clustering. Here, waste and treatment nodes are naturally connected to each other, and
are further connected to different types of waste treatment mentioned in the literature,
such as solid waste, sewage sludge, wastewater, and industrial waste, in association with
water hyacinth. Other nodes such as “plant” are associated with words like “growth”,
“root”, “biomass” [41], etc., and “production” is related to “hydrogen” [42], “biogas” [43],
“ethanol” [36], etc. Apart from the major connected network, many isolated networks
depict different techniques used by the researchers associated with water hyacinth, such
as Fourier transform infrared spectroscopy [44], scanning electron microscopy [45], mass
spectroscopy, and gas chromatography [46]. Aspects of modelling like “response surface
methodology” [47], “remote sensing” [48], and “kinetic reaction” of water hyacinth research,
along with “anaerobic digestion”, “low cost”, “bio-oil” [49], “renewable energy”, etc., were
also observed to be in the literature.
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Term specific occurrences were also observed in the literature by getting specific words
from the bigram network plot. Words associated with production nodes, such as “biogas”,
“ethanol”, “hydrogen”, “removal node”, “metal”, and “nutrient”, and other isolated nodes
like “energy”, “oil”, and “fiber” [44], were taken for observing their occurrence over time.
Apart from these words, the expert’s opinion about work trends with other words like
“biochar”, “briquette” [50], “combustion”, “phytoremediation”, “fertilizer”, “compost”,
and “slurry” are plotted and depicted in Figure 8.
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Figure 8. Occurrence of different terms in water hyacinth research over time.
Figure 8 depicts that, among all of the other terms selected for plotting, the term
“metal” remained the most prominent term, followed by “energy” and “nutrient”. As
discussed in Section 3.2 and 3.3, “metal” depicts the removal or mining of heavy metals
with water hyacinth from wastewater. From Figure 7, it can be observed that “energy”
is directly connected to “renewable”, and “nutrient” is connected to “removal”. In the
domain of energy, “biogas”, “hydrogen”, “ethanol”, and “bio-oil” are all renewable energy
sources associated with the weed. Apart from nutrient removal, “compost”, “fertilizer”,
and “slurry” represent important aspects of nutrient addition. Figure 8 depicts that biogas
production from water hyacinth was the most prominent solution sought out by the
community for the longest time after excess nutrient and heavy metal removal from
water. As biogas was thought of as a solution for a long time, the concept of “slurry”
and “fertilizer”, which are produced from biogas plants, are also fairly old. Interestingly,
although old, these two topics are seemingly way less popular compared with biogas
production, of which these were the end products. Ethanol, hydrogen production, fiber, oil
extraction, and phytoremediation became popular around the same time in the year 2000,
from when the overall interest for publication regarding water hyacinth increased. The
concept of briquetting water hyacinth was first applied to water hyacinth research around
the mid 1980s, but was not further discussed until recent years. As for the combustion of
water hyacinth, which is deeply associated with water hyacinth briquettes [51] and the
drying of water hyacinth [52], this was investigated mainly from the year 2000 onwards. In
general, from the word trends of briquette and combustion, it is observed that the burning
of water hyacinth biomass is not generally th ught as a management choice. Interesti ly,
it can also be observed that “biocha ” produced from w ter hyacinth [24], which involves
the pyr lysis of the biom ss, has become the most ecent concept introduced to this research
domain, and is currently gaining rapid popularity.
4. Conclusions
As water hyacinth is becoming exceedingly problematic over time, to cope with
the challenge, the research associated with the problem is also increasing raidly. Water
hyacinth research has passed the pioneering phase and is now at the end of a steady growth
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phase or at the beginning of the acceleration phase. This indicates that huge amounts of
research are expected to be published in the near future with increasing diversity in the
“production” domain. In addition, as the negative sentiment towards water hyacinth is
increasing rapidly in the literature, it can be anticipated that in the future, “control by
utilization” research centering water hyacinth will be more vigorous and will continue to
increase at a rapid rate. From the cluster, correlation, and the bigram network plot, the
prominent research areas and discourses can be observed and explored while getting a
good overall picture of the research fields. As many concepts were introduced and became
popular around the year 2000, this implies an increased participation of researchers. The
approaches taken to mitigate and control water hyacinth have greatly diversified since the
beginning of 21st century, and will rise sharply in the form of how it can be considered as a
usable/profitable resource.
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